Critical shear-stress (CSS) as in index of red cell aggregation is defined as either the minimum shear-stress required dispersing the aggregates. The objective of this study is to access the role of CSS in ACS comparing to SA, and to evaluate the correlation with usual biomarkers for atherosclerosis such as fibrinogen, hs-CRP. 169 SA and 223 ACS patients were finally enrolled. A detailed medical history and laboratory data were obtained for each participant from clinical records. CSS is measured by simultaneous measurement of shear stress and light backscattering using a small disposable kit with a microfluidic hemorheometer. We hypothesized that higher value of CSS might be associated increased thrombosis in ACS. As results, relatively younger age was shown and more male in ACS patients, and inflammatory markers (WBC, hs-CRP) were higher in ACS. Whole blood viscosities were significantly higher in ACS than SA along at all shear rates. CSS was 25.7% higher in ACS (333.8 ± 147.8) than in SA (265.4 ± 149.9 mPa) (p < 0.001). CSS was highly correlated white blood cell counts, hs-CRP, fibrinogen, and erythrocyte sedimentation rate (ESR). Among those variables, fibrinogen, and ESR were strongly correlated with CSS. We may suggest that CSS could be used as a novel risk marker for ACS.
Introduction
During the natural evolution of atherosclerotic plaque, an abrupt and catastrophic transition can occur, characterized by plaque disruption, especially when the plaques have much lipid [14] . Atherosclerotic plaque considered prone to disrupt according as plaque vulnerability, or exaggerated hemodynamic condition. Acute coronary syndromes (ACS), including unstable angina (UA) and acute myocardial infarction (AMI), often result from the disruption of a modestly stenotic, unstable, vulnerable plaque [12] . Some patients have a systemic predisposition to plaque disruption that is independent of traditional risk factors. While the traditional risk assessment has been shown to predict long-term outcome in large populations, they fall short in predicting near-future events. Many researchers have tried to identify and to prevent acute coronary syndromes and sudden death [13] . A number of key physiological variables, such as, systolic blood pressure, heart rate, blood viscosity, and multiple endogenous factors exhibit circadian variation and they increased when stressful condition and they may act in concert to produce plaque disruption [9] .
Red blood cell (RBC) aggregation is major determinant of whole blood viscosity at a low shear rate. Increased aggregation of RBC is associated with many vascular diseases [3, 10, 19, 20] . To understand RBC aggregation mechanism and its physiological importance, a variety of indexes have been proposed.
Recently, critical shear stress (CSS) by simultaneous measurement of electrical impedance, capacitance and light backscattering has developed, and is suggested as an index of RBC aggregability [14] . CSS is defined as either the minimum shear-stress required dispersing the aggregates, or the threshold shear required to aggregate RBCs under the shearing hydrodynamic force. The critical shear-stress was determined through a scanning procedure wherein various transient shear stresses were applied. This indicates that a transition should occur from RBCs disaggregation to aggregation [11, 18] .
Therefore, we hypothesized that higher value of CSS might be associated increased thrombosis in ACS. The objective of this study is to investigate CSS and other hemorheologic parameters in ACS and to evaluate the correlation with usual biomarkers for atherosclerosis such as fibrinogen, hs-CRP, and ESR.
Materials and methods

Subjects
Subjects presenting with typical angina who were scheduled coronary angiography at Gangnam Severance hospital between November 2010 and December 2011 were eligible for the study. Patients were diagnosed with stable angina (SA) based on their clinical presentation, ECG, stress test and angiographic findings, with the diagnoses of unstable angina (UA) and acute myocardial infarction (AMI) based on the clinical presentation, specific electrocardiogram (ECG) alterations and serum cardiac enzyme levels. In the present study, data from patients with non-ST elevation AMI and ST elevation AMI were grouped together as AMI, and UA and AMI were grouped as acute coronary syndrome (ACS). Exclusion criteria included: normal or minimally diseased coronary angiogram, documented or inducible coronary artery spasm, valvular heart disease, current infection, drug abuse and severe hematological diseases such as leukemia. Patients treated with thrombolytics were also excluded. 392 subjects were finally enrolled in this study and consisted of 169 SA, 153 UA and 70 AMI subjects. A detailed medical history was obtained for each participant either from clinical records.
Blood sampling and preparation
All laboratory parameters were determined in the central laboratory of the Gangnam Severance hospital. Routine venipuncture was done at antecubital vein after an overnight fast. Serum glucose, total cholesterol, triglyceride, and high-density lipoprotein (HDL)-cholesterol, low-density lipoprotein (LDL)-cholesterol, blood urea nitrogen (BUN), creatinine, total protein, albumin levels were measured via enzymatic procedures using a chemistry analyzer (ADVIA 1650, Siemens Healthcare, Tarrytown, NY, USA). High-sensitivity C-reactive protein (hs-CRP) was measured using a latex-enhanced immunoturbidimetric assay in an ADVIA 1650 (Siemens Healthcare, Tarrytown, NY, USA). Complete blood count (CBC) was measured using ADVIA 2120i (Siemens Healthcare, Tarrytown, NY, USA).
Measurements of hemorheologic parameters
Blood samples for hemorheologic parameters were obtained via the vascular sheath into commercial EDTA (1.5 mg/ml) tube just prior to angiography. All measurements were complied following the new guidelines for hemorheological measurements provided by ISCH [1] . All hemorheological parameters were measured with a microfluidic hemorheometer (Rheoscan-AnD300; Rheo-Meditech, Seoul, Korea).
Additionally, determination of whole blood viscosity (WBV) was conducted in a research manner. However, the used test flow cells (K-03, Rheomeditech., Seoul, Korea) consisted of two chambers and a capillary tube which dimensions were 0.5 mm in diameter and 50 mm in length, respectively. Blood viscosity was calculated by processing the time-varying pressure data and calculated results were adjusted using Casson's equation.
The Critical shear stress (CSS) was measured using a native whole blood without adjusting hematocrit. The critical shear is defined as a minimum shear-stress that is required to disperse RBC aggregates [18] . For the CSS measurement, a transient microfluidic technique was adopted with optical detection. When a whole blood sample stored in a reservoir chamber was driven by a pressure differential through a narrow micro-channel (K-01, Rheomeditech, Seoul, Korea), the pressure differential exponentially decreased with time and the flow ceased asymptotically. During the process, the time-varying backscattered light intensity and pressure data were recorded in a computer data file and analyzed. When the backscattered light yielded a maximum, the corresponding time and shear stress were determined as critical time and critical shear stress, respectively. Further details of this technique are provided elsewhere [18] .
In addition, erythrocyte sedimentation rate (ESR) as a representative of RBC aggregation and inflammation. Each RBC-plasma sample was evaluated using standard, 200 mm tall Westergren tubes and determining the position of the RBC-plasma interface at 60 minutes.
Statistical analyses
All analyses were performed using SPSS for Windows (ver 18.0; SPSS Inc., Chicago, IL). Mean values of clinical characteristics were shown according as clinical diagnosis. All numerical data are presented as mean value ± standard deviation and categorical variables were presented as frequencies and percentages.
The difference between means was tested for significance using Student's t-test and one-way ANOVA; for proportions we used the χ 2 test. Pearson's correlation analysis was performed to evaluate the relationships between clinical and CSS. A p value less than 0.05 was considered statistically significant.
Results
Population characteristics
Demographic characteristics and clinical laboratory data for the study population are shown in Table 1 . The BMI, the incidence of controlled hypertension, diabetes, dyslipidemia and smoking habit were not significantly different among the groups. But, number of male gender was greater and a little younger age revealed in acute coronary syndrome, especially in AMI group. Compared to the stable angina group, laboratory results revealed elevated systemic inflammatory markers in ACS: (1) White blood cell counts (WBC) were 19.4% higher in AMI subjects (p < 0.001); (2) hs-CRP values were 2.6-fold greater in the UA and 3.7-fold higher in the AMI group (Table 1) . Blood urea nitrogen and creatinine values were significantly lower in UA group, and cholesterol profiles were not significantly different between groups.
Hemorheologic parameters
Whole blood viscosity under shear rate profiles for the patient groups are shown in Table 2 . For data obtained at native hematocrit, viscosity profiles revealed higher in UA than SA, and higher in AMI than UA along at all shear rates. So, WBV is much higher in ACS than SA.
CSS, in unit of mPa, was 25.7% higher in ACS (333.8 ± 147.8) than in SA (265.4 ± 149.9) (p < 0.001). Interestingly, CSS between UA and AMI were not significantly different.
Mean value of ESR in patients groups were not significantly different, but showed increasing tendency having the rank order of AMI>UA>SA. The wide range of standard deviation of each group is the reason why the differences between groups could not be made.
Correlation with critical shear stress with clinical laboratory data
CSS was analyzed the correlation with all available clinical laboratory variables. CSS was highly correlated with inflammatory biomarkers, such as, WBC, hs-CRP, and the parameters related RBC aggregation, such as, fibrinogen, ESR (Table 3 ). Hemoglobin and hematocrit were shown to be modest correlation with CSS. Among those variables, fibrinogen, and ESR were strongly correlated with CSS (Fig. 1 ).
Discussion
Hemorheologic alteration in vascular blood flow may lead to increase wall shear stress at the vascular endothelium [5, 12, 13] , thereby promoting occlusive thrombus formation in ACS. In addition, acute alterations of hemorheological parameters could serve as a trigger for the rupture of a vulnerable atherosclerotic plaque, thus aggravating thrombus formation and the clinical symptoms of ACS [6, 10] . Among many hemorheologic parameters, the parameters associated with ACS are related to cell aggregation and blood viscosity which make high shear stress [10, 15] . Also, it was reported that increased whole blood viscosity, altered RBC deformability and aggregability affect to the platelet reactivity on the anti-platelet therapy in acute coronary syndrome [4] , and are related to the long term prognosis of transmural myocardial infarction in terms of inflammation [16, 17] .
There are several indices for measuring RBC aggregation, such as, M and M 1 from Myrenne Aggregometer (Myrenne GmbH, Roetgen, Germany) [8] , amplitude (AMP), aggregation half time (T 1/2 ), surface area (SA), and aggregation index (AI) from LORCA -Laser-Assisted Optical Rotational Cell Analyzer (RR Mechatronics, Hoorn,The Netherlands) and RheoScan (AnD300, Rheomeditech, Seoul, Korea). Erythrocyte sedimentation rate (ESR) and low-shear blood viscosity are also known to reflect the extent of red cell aggregation [2, 7] .
Compared to other devices, the RheoScan-AnD300 (Rheomeditech, Seoul, Korea) might be useful in clinical field, because this device uses a disposable microchip with a disc-shaped test chamber for the RBC suspension being tested, and can get the results within 3 minutes. Furthermore, critical shear stress (CSS) by simultaneous measurement of shear stress and light backscattering using this device is very useful index of RBC aggregability [18] . We hypothesized that higher value of CSS might be associated with the patients with ACS. This study was objected to investigate CSS and other hemorheologic parameters in ACS and to evaluate the correlation with usual biomarkers for atherosclerosis such as fibrinogen, hs-CRP, and ESR.
The results of this study strongly support the hypothesis of a linkage between ACS and RBC aggregation indices, such as CSS, ESR, and low shear viscosity. And, those aggregation indices are strongly correlated with widely accepted risk factors for coronary artery disease, such as WBC, fibrinogen, as shown in Table 3 and Fig. 1 . The hs-CRP of ACS was significantly elevated than SA. However, the correlation between hs-CRP and CSS was not so strong. Compared to SA, CSS of ACS were significantly elevated. Interestingly, CSS of UA and AMI were not significantly different. This kind of phenomenon was also shown in other study [10] , and it might be partially explained by that CSS is strongly dependent on RBC deformability [18] as well as fibrinogen concentration, which did not show significant difference between UA and AMI. However, we suspected that increased CSS might trigger the rupture of atherosclerotic plaque. Higher shear stress would be needed for overcoming CSS. While CSS is an index of red cell aggregation, it might affect the vascular endothelium by increasing shear force. Finally, WBV values showed much higher value in ACS patients. WBV in ACS is usually elevated. Thus, we may suggest that higher WBV and higher RBC aggregability produce increased wall shear stress, and thereby, trigger the ACS.
Hemorheologic properties, including RBC aggregation is known to be influenced by plasma macroptoteins and erythrocyte cell membrane properties. This properties might be affected by inflammatory cytokines and proteins produced in acute coronary syndrome. So, hemorheologic parameters and the clinical situation of acute coronary syndrome might affect mutually to each other [7, 10, 17] .
In summary, CSS which can be directly measured by the present transient, microfluidic aggregometer, were higher value in ACS than SA. CSS might provide the useful information on the characteristics of RBC aggregation-disaggregation and hemorheological risk for CAD. The CSS may be used in clinical field as an easily measurable novel risk marker for ACS. Further study with serial measurements of CSS in this patients group during clinical follow up, and prospective cohort study in normal population can clarify the long term role of CSS, as triggering parameters of ACS.
